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ABSTRACT
The dynamic activity in massive star forming regions prior to the formation of bright proto-
stars is still not fully investigated. In this work we present observations of HCO+ J = 1 − 0
and N2H+ J = 1 − 0 made with the IRAM 30m telescope towards a sample of 16 Herschel-
identified massive 70 µm quiet clumps associated with infrared dark clouds. The clumps span
a mass range from 300 M⊙ to 2000M⊙. The N2H+ data show that the regions have significant
non-thermal motions with velocity dispersion between 0.28 km s−1 and 1.5 km s−1, corre-
sponding to Mach numbers between 2.6 and 11.5. The majority of the 70 µm quiet clumps
have asymmetric HCO+ line profiles, indicative of significant dynamical activity. We show
that there is a correlation between the degree of line asymmetry and the surface density Σ of
the clumps, with clumps of Σ & 0.1 g cm−2 having more asymmetric line profiles, and so are
more dynamically active, than clumps with lower Σ. We explore the relationship between ve-
locity dispersion, radius and Σ and show how it can be interpreted as a relationship between an
acceleration generated by the gravitational field aG, and the measured kinetic acceleration, ak,
consistent with the majority of the non-thermal motions originating from self-gravity. Finally,
we consider the role of external pressure and magnetic fields in the interplay of forces.
1 INTRODUCTION
Pioneering studies of star-forming regions showed a significant
contribution from the ambient interstellar medium (ISM) turbu-
lence in dictating the properties of clouds. This was first summa-
rized in the Larson’s line-width size relation δv ∝ RΓ, with Γ = 0.38
(Larson 1981). Later this value was modified to Γ = 0.5, con-
sistent with early observations of giant molecular clouds (GMCs)
which show that GMCs have all similar mass surface densities, Σ,
and turbulence is ubiquitous in the ISM ( e.g. Solomon et al. 1987;
Heyer & Brunt 2004). The exponent Γ = 0.5 is expected if the inter-
stellar medium is modeled as a turbulent fluid dominated by shocks
(McKee & Ostriker 2007, and references therein) and simulations
confirm that GMCs and their embedded massive clumps are shaped
by supersonic motions and follow the Larson’s relationship with
Γ = 0.5 (e.g. Padoan & Nordlund 2002; Field et al. 2008).
More recently the study of Heyer et al. (2009, hereafter H09)
questioned the Larson relation and showed that the quantity σ/R0.5
is not a constant of the clouds. H09 used data from the Boston
University-FCRAO Galactic Ring Survey of 13CO J= 1 − 0 emis-
sion (Jackson et al. 2006) to revise the study of the GMCs done by
Solomon et al. (1987) using the 12CO J= 1 − 0 emission. The lat-
ter is a tracer of low density gas, which rapidly becomes optically
thick within the denser regions of the GMCs. The H09 analysis
shows that the average mass surface density Σ of the clouds is not
constant, and that σ/R0.5 increases as function of Σ, which we will
refer to as the ‘Heyer relation’.
It is unclear, however, how the Heyer relation may or may
not cascade down to the scales of clumps and cores. While
inside low-mass cores the turbulence seems to dissipate down
to thermal levels (i.e. following the standard Larson’s relation
σ ∝R0.5, Fuller & Myers 1992), there are some indications that
this does not happen in massive star-forming clumps and cores
(Ballesteros-Paredes et al. 2011). For instance, combining the data
from H09 with a sample of massive clumps identified in IRDCs
from Gibson et al. (2009), Ballesteros-Paredes et al. (2011) inter-
preted the Heyer relation as ‘universal’, from GMCs down to
clump scales. In the Ballesteros-Paredes et al. (2011) model, the
observed large velocity dispersions are driven by the non-thermal
motions in the collapsing clouds and cloud fragments in a hierar-
chical and chaotic fashion (see also Va´zquez-Semadeni et al. 2009;
Iba´n˜ez-Mejı´a et al. 2016).
In an alternative view, the observed non-thermal motions in
massive regions could be attributed to increasing internal turbu-
lence required to maintain equilibrium and slow-down the other-
wise fast collapse, as predicted by the turbulent core model of mas-
sive star formation (McKee & Tan 2003).
Whether the observed non-thermal motions in high-mass
clumps and cores are in any way related to a surface density
threshold, Σt , below which massive star formation cannot occur
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(Kauffmann et al. 2013), or if Σt even exists, are still open ques-
tions.
Models suggest different values for Σt depending on the
contribution of the magnetic fields, with Tan et al. (2014) sug-
gesting Σt=0.1 g cm−2 in the presence of magnetic fields, and
Krumholz & Tan (2007) deriving Σt=1 g cm−2 for non-magnetised
regions. Recent surveys of massive star-forming clumps show that
they span a range of surface densities, with possible Σt values
ranging from Σt  0.05 g cm−2 (e.g. Urquhart et al. 2014) to
Σt  0.1 − 0.2 g cm−2 (e.g. Tan et al. 2014; Traficante et al. 2015).
In this work we discuss the results from a study of 70 µm quiet
clumps, focusing on the properties of their non-thermal motions.
Since these high surface density objects are probable precursors to
massive stars but are as yet unaffected by stellar feedback, they are
ideal candidates for the study of the dynamical state of the initial
conditions for massive star formation.
This paper is structured as follows: in Section 2 we describe
the observations of a sample of 16 clumps identified in the IRDC
survey of starless and protostellar clumps of Traficante et al. (2015)
which we followed up with the IRAM 30m telescope1 to trace
the gas kinematics. In Section 3 we describe the properties of the
clumps used in this work and derived from dust and gas observa-
tions (3.1) and we investigate the clump dynamics and the degree
of line asymmetry in the HCO+ spectra (3.2). In Section 4 we ex-
plore the clump stability using a classical virial analysis and using
a formulation which compares the acceleration driven by differ-
ent forces. In Section 5 we explore how the relation between the
gravitational acceleration and the non-thermal motions varies from
GMCs to massive clumps and cores, combining our data with re-
sults from the literature (5.1). We also explore the effect of includ-
ing an external pressure (5.2) and magnetic fields (5.3) on the force
balance. Finally, in Section 6 we summarise our results and present
our conclusions.
2 OBSERVATIONS
In this work we focus on the properties of the non-thermal mo-
tions of a sample of 16 clumps selected to be 70 µm quiet, have
a surface density Σ > 0.05 g cm−2, a mass of 300 6 M 6 2000
M⊙, and a low-luminosity mass ratio L/M< 0.3. A comprehensive
description of the clump properties estimated from the dust contin-
uum and a more extensive analysis of the molecular line data are
given in Traficante et al. (2017, hereafter, PI).
These clumps are located at distances ranging between 3.5 6
d 6 5.8 kpc and have been observed with the IRAM 30m tele-
scope using N2H+ (1-0), HNC (1-0) and HCO+(1-0) emission lines.
The observations were carried out on June 2014 under the project
number 034-14 in good weather with system temperatures between
92 K and 162 K. Each source was mapped in On-The-Fly mode
to cover a 2′ × 2′ wide region with typical rms noise levels of
0.13 6 σ 6 0.32 K in each 0.2 km s−1 spectral channel. The tele-
scope pointing was checked every 2 hours and the pointing error
is estimated to be < 3′′. At the frequency of these transitions the
beam size of the telescope is ≃ 27′′, corresponding to ≃ 0.6 pc at a
distance of 4.8 kpc, the average distance of these clumps (PI).
1 IRAM is supported by INSU/CNRS (France), MPG (Germany) and IGN
(Spain).
3 RESULTS
3.1 Clump physical properties
To investigate the physical properties of our clumps, we make use
of the mass surface density estimated from the Hi-GAL data (PI).
We also use the emission from N2H+, an optically thin tracer of
quiescent gas (Vasyunina et al. 2011) not strongly affected by infall
or outflow motions, to measure the systemic velocity of the clumps
and their turbulence.
Table 1 presents a summary of the properties of the clumps
and the observational results discussed in this work. As well as
the positions of the sources, it gives the clump sizes and surface
densities (PI) and the non-thermal component of the 1-D velocity
dispersions of the N2H+ emission. The table also lists the Mach
number of these non-thermal motions, and the virial parameter of
the clumps.
The clump radius R was determined from the 2D-Gaussian fit
of the clump dust emission at 250 µm. The clump mass is estimated
with a single-temperature greybody fit of the source fluxes at 160,
250, 350 and 500 µm from Hi-GAL and, when available, including
fluxes at 870 µm from the ATLASGAL (Schuller et al. 2009) maps
and at 1.1 mm from the Bolocam Galactic plane survey (BGPS,
Aguirre et al. 2011) maps. The mass surface density, Σ, has been
evaluated within the region defined by the clump radius (PI).
Since all the clumps are resolved in the N2H+ observations, the
1D velocity dispersion, σobs, has been determined using the CLASS
task hsf to fit the hyperfine structure of the N2H+ spectra, averaged
across all the pixels within the clumps. The non-thermal motions
σnth are estimated as σnth = (σ2obs−σ2th)1/2, where σth is the thermal
component of the velocity dispersion, σth = (kBTkin/(µN2H+mH))
1/2,
where kB is the Boltzmann constant, mH the hydrogen mass and
µN2H+ the mean molecular weight (µN2H+ = 29.02). The gas ki-
netic temperature Tkin is fixed for each clump and equal to 10
K, comparable to the average dust temperature of these clumps
(∼11.2 K, PI). This leads to σth ≃ 0.05 km/s. Since the average
non-thermal motions of the clumps is σnth ≃ 0.8 km/s, the contri-
bution of the thermal velocity dispersion to σobs is minimal. De-
spite the fact that a temperature gradient of up to ≃ 10K can be
expected across starless clumps (Peretto et al. 2010; Wilcock et al.
2012), using T=20K affects our results by less than 1%. The Mach
number M is evaluated as σnth,3D/cs, with σnth,3D =
√
3σnth and
cs = (kBTkin/(µHmH))1/2 ≃ 0.19 km s−1, with a mean molecular
weight µH = 2.33. We find M > 2 for all the clumps, with an
average value ofM = 7.54.
3.2 Clump dynamics from HCO+
To parameterise the asymmetry of the HCO+ line we calculate the
parameterATG as defined by equation 1 where I(vi) is the intensity
at velocity vi and G(vi) is the Gaussian fit to line, evaluated at ve-
locity vi. To restrict the comparison to the HCO+ gas kinematically
associated with dense gas traced by the N2H+ the sum was carried
out over a velocity range corresponding to ±5 times the velocity
dispersion of the N2H+. This multiple was estimated by compar-
ing the velocity widths of the N2H+ and HCO+ emission, visual
inspection of the spatial distribution of the HCO+ as a function of
velocity with the column density maps and comparison with a man-
ual, source-by-source selection of the velocity range.
ATG = 1
A

∑
i
|I (vi) −G (vi)| − B
 (1)
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Figure 1. Asymmetry parameter, ATG , as a function of clump surface den-
sity, Σ. The horizontal dashed line indicates the value ATG = 0.4 which
separates symmetric from asymmetric line profiles. The vertical dashed line
delimits the surface density threshold Σ=0.12 g cm−2, the value that maxi-
mizes the difference between more dynamically active clumps and the rest
of the objects, as discussed in the text.
The quantity A is the peak intensity of the Gaussian fit to the HCO+
line profile. This factor is necessary since the numerator of ATG is
an integrated intensity, so that without the normalisation, for two
lines with the same intrinsic shape, the stronger line will have a
larger value of ATG than the weaker line. The term in the summa-
tion represents the residual after the subtraction of the Gaussian fit
to the original spectrum. Taking the modulus of the difference to
measure the line asymmetry results in the noise in the spectrum
producing a positive value for ATG, even for a symmetric line. To
correct for this, a value B, the bias, is subtracted when calculating
the line asymmetry. Since the value of B, the offset due to noise,
depends on both the noise level in the spectrum and the velocity
range over which the emission is detected, B was estimated for
each source by summing the modulus of the noise over the same
velocity width as the line asymmetry was determined, but centered
at several different velocities away from the line.
Figure 1 shows the asymmetry parameter with its uncertainties
plotted against the clump surface density, Σ.
The value of ATG for each source is given in Table 1. Fig-
ure 1 shows a strong correlation between the line asymmetry and
the clump surface density, with high surface density regions having
more asymmetric lines. This is confirmed by the Pearson’s corre-
lation coefficient which gives a value of 0.55 for ATG with Σ, cor-
responding to a probability of 2.8 × 10−2 of the correlations being
due to chance.
Clumps with ATG < 0.4 have a mean Σ = 0.070 ± 0.006 g
cm−2, while those with ATG > 0.4 have Σ = 0.17 ± 0.02 g cm−2.
An exact permutation test indicates this has a probability of only
1.4× 10−3 of being due to chance. For clumps below a surface den-
sity threshold Σt = 0.12 g cm−2, the mean value ofATG = 0.3± 0.1
while clumps with Σt & 0.12 g cm−2, have a meanATG = 1.3± 0.2,
a difference which an exact random permutation test indicates has
a probability of only 2 × 10−3 being due to chance. This thresh-
old implies that all clumps above Σt have ATG > 0.4. Two clumps
have Σ ≃ 0.1 g cm−2 andATG > 0.4. Lowering the value of Σt to in-
clude them would lead to a difference between the two sub-samples
which an exact random permutation test indicates has a probabil-
ity of 4 × 10−3 being due to chance, twice the probability obtained
assuming Σt = 0.12 g cm−2. Therefore, we adopt Σt = 0.12 g cm−2
as the threshold which maximises the difference between the two
group of clumps. For convenience we label (in Table 1) sources
with ATG > 0.4 as having asymmetric lines (more dynamically
active) and the others as having symmetric lines. The HCO+ line
profiles are showed in PI.
The same analysis was also performed for the HNC (1 −
0) spectra. As Figure 2 shows there is a correlation between
ATG(HCO+) and ATG(HNC) with a Pearson’s correlation coeffi-
cient of 0.63. In addition, the figure shows that for all but one of
the sources the HCO+ line is more asymmetric than the HNC line.
Comparing the ATG(HNC) with the clump surface density shows
similar results to the HCO+ but with somewhat lower statistical sig-
nificance which is consistent with the evidence from Figure 2 that
the HNC (1−0) transition is a somewhat poorer tracer of the clump
dynamics. This is also consistent with the comparison of the line
width of the HCO+ (1−0) and HNC (1−0) (Figure 3) which shows
that the HCO+ lines are typically broader than the HNC lines. A
higher line broadening is a signpost of higher non-thermal motions,
which may be due to a high level of turbulence and/or a significant
dynamical activity, such as infall motions at the core and clump
scales or outflows at the core scales. (e.g. Lopez-Sepulcre et al.
2010; Smith et al. 2013; Palau et al. 2015). Chira et al. (2014) sug-
gested that in some circumstances asymmetric line profiles in low-J
transitions of optically thick lines such as HCO+ (1−0) may also be
interpreted as obscuration by surrounding filaments. However, the
emission from N2H+ (1−0), which is optically thin in most of these
sources (PI), does not show the presence of the multiple, dense gas
velocity components which would be expected in the case of the
emission originating from overlapping structures. Therefore, we
assume that the asymmetries we observe are due to ongoing dy-
namical activity and the asymmetry-surface density correlation in
HCO+ (1−0), supported by the HNC (1−0) results, show that high
surface density clumps are more dynamically active that lower Σ
clumps. In particular, the lack of symmetric lines towards high sur-
face density clumps suggests that complex dynamics are intimately
connected with the presence of the highest surface density regions.
4 A GRAVO-TURBULENT DESCRIPTION OF THE STAR
FORMATION PROCESS
4.1 Virial relation and Force balance
4.1.1 Classical virial analysis
In the classical analysis of cloud stability, the non-thermal motions
are due to local turbulence which support the cloud. The dynam-
ics of the collapse is described by two independent variables, the
kinetic energy Ek ∝ σ2, where σ is the 1D observed (turbulent)
velocity dispersion of the region, and the gravitational potential en-
ergy EG ∝M/R, where M is the total mass within a region of radius
R. The virial parameter αvir describes the balance between these
two energies, defined as (Bertoldi & McKee 1992)
αvir = a
5σ2R
GM
= 2a
Ek
EG
(2)
where G is the gravitational constant and a is a constant which in-
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Figure 2. Comparison between ATG(HCO+) and ATG(HNC). The blue-
dashed line is the y=x relation.
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Figure 3. Comparison between HCO+ and HNC linewidths. The green-
dashed line is the y=x relation.
cludes modifications due to non-spherical and inhomogeneous den-
sity distributions. Here we assume a = 1.
A critical value, αcr , is defined as the value of αvir for which
the cloud is in equilibrium. If αvir is greater than αcr , the region
will expand and dissolve, if it is lower, the region will collapse. In
the absence of external pressure or magnetic fields, the hydrostatic
equilibrium is reached when Ek is balanced by EG and αvir has
a critical value αcr = 1 (Tan et al. 2014). If the region is under
external pressure, this pressure will work towards compressing the
cloud and therefore αcr will increase. For instance, if clouds are
modeled as non-magnetized, pressure bounded isothermal spheres
then they will be unstable and collapse if their mass is larger than
the Bonnor-Ebert (BE) mass which leads to αcr,BE  2 (see the
discussion in Kauffmann et al. (2013); see also Tan et al. (2014)).
Conversely, in the presence of internal magnetic fields the cloud
can be stabilized against collapse and therefore αcr decreases with
respect to the non-magnetized case.
The virial parameter for our sources is systematically lower
than 2, and for all but one source αvir< 1 (28.792+0.141, Table 1).
The average value of αvir is αvir ≃ 0.60. This classical virial analy-
sis would conclude that these clumps are all gravitationally bound.
A virial equilibrium state is a necessary condition in the turbu-
lent core model of massive star formation (McKee & Tan 2003) on
the assumption that in massive clumps the internal motions reflect
turbulence and in absence of magnetic fields (Tan et al. 2014).
Rather than being in a state of virial equilibrium it is possi-
ble that in massive regions collapse occurs in a hierarchical, global
fashion which itself generates non-thermal, gravo-turbulent motion
due to the chaotic collapse (Ballesteros-Paredes et al. 2011). In the
simplest case with no external pressure or magnetic fields, the ob-
served non-thermal motions would then arise from both local tur-
bulence and self-gravity and it is not independent from the gravita-
tional term. This can be shown with a formulation of the problem
in which the dynamics is described in terms of accelerations.
4.1.2 Describing the Virial relation as accelerations
The quantity aG = piGΣ/5 describes the average gravitational accel-
eration of a region, and it is a function of the mass surface density
Σ = M/(piR2) only. The kinetic term of the system is described
by ak = σ2/R which also has the dimensions of an acceleration
and is interpreted as the magnitude of the acceleration due to the
total (thermal and non-thermal) motions in the region. If gravita-
tional collapse significantly contributes to the observed linewidth,
this would produce a correlation between aG and ak .
In this gravo-turbulent scenario, ak is proportional to aG, and
ak
aG
=
σ2
R
5
piGΣ
= αvir =⇒ ak = αviraG (3)
except, in this formulation, the interpretation of αvir is substantially
different. We cannot disentangle the turbulent from the gravitation-
ally driven components in the observed ak of each region. The mea-
sured gravo-turbulent acceleration in a region with αvir6 1 could
predominantly originate from either chaotic gravitational collapse
or local turbulence supporting against the collapse, leading to two
different star forming scenarios (see Figure 4). This ambiguity is
particularly significant in GMCs and clumps. Similarly, in single
cores, where the collapse is less chaotic, the contributions to ak may
be from the ordered motions due to the local collapse (and therefore
the gravity) and from local turbulence, which are still indistinguish-
able. In the extreme case of all non-thermal motions being driven
by self-gravity alone, ak=aG and αvir=1. Therefore as long as the
measured αvir is lower than 2, aG can still account for the majority
of the observed non-thermal motions.
The advantage of this formulation however is the interpreta-
tion of the dynamics in a statistically significant sample of star
forming regions. If all the non-thermal motions in each region were
to be gravitationally driven, then as the gravitational acceleration
increases one would expect a linear increase of the observed accel-
eration towards higher density regions. In a more realistic context,
because gravity is not the only force in play, if observing regions
at increasing surface densities (i.e. increasing aG) we observe an
increase of ak, it suggests that on average the majority of the non-
c© 0000 RAS, MNRAS 000, 000–000
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Disordered Turbulent Collapse Turbulent Supported 
Observed line widths indistinguishable
Figure 4. Cartoon of the self-gravity vs. turbulence models. Top left: Mas-
sive cloud with non-thermal motions generated only by the gravitational
attraction of multiple centers of collapse. Top right: the same cloud with
motions generated by random turbulence. Bottom: both self-gravity and tur-
bulence generate non-thermal motions. The observed velocity dispersion
(and the corresponding ak) are the same and we cannot distinguish the ori-
gin of the non-thermal motions.
thermal motions originate from gravitationally driven chaotic col-
lapse, such that ak is in fact a “gravo-turbulent acceleration”.
The Heyer relation, which shows a strong indication of in-
creasing σ/R0.5 with increasing mass surface density, is equivalent
to the ak vs. aG relationship: the Heyer relationship is indeed equiv-
alent to Equation 3, by taking the square root of ak and imposing
αvir = 1. The Heyer relation correctly connects velocity dispersion,
radius and surface density of the regions but has no direct physical
interpretation of these quantities.
The Larson relation is a specific case of Equation 3. For
constant αvir and constant Σ, Equation 3 implies σ ∝ R0.5. In
other words, when the gravitational acceleration is similar among
different clouds, i.e. for similar values of the surface density of
the clouds, and in condition of “virial equilibrium” (whether for
αvir = 1 or αvir = 2), then the acceleration in the system is fixed.
4.2 Implications for 70 µm quiet clumps
Figure 5 shows the Heyer relation in the same units of the original
H09 work, σ/R0.5 and Σ, and in the ak and aG units. The clumps
which show asymmetric HCO+ spectra are indicated with red cir-
cles. The clumps follow a ak vs. aG relationship and, in agreement
with the discussion in Section 4.1, we interpret this trend as an in-
dication that, on average, the non-thermal motions in these clumps
may be mostly driven by self-gravity itself.
From Figure 5 we can see that all the clumps with Σ > 0.12 g
cm−2 show HCO+ line asymmetries as defined in Section 3.2. All
our clumps are also dominated by supersonic, non-thermal motions
(see Table 1). The average Mach number M of the clumps with
Σ > Σt is ≃ 67% higher on average than the corresponding Mach
number of the less dense clumps. These results also suggest that
Σt = 0.12 g cm−2 could be seen as a threshold above which clumps
show more evident signs of dynamical activity, perhaps indicative
of gravitational collapse at clump scales.
Figure 5. Heyer diagram for our 70 µm quiet clumps. Clumps are colour-
coded with respect to the value of the respective Mach number. Also on this
and the following figures we show axes in acceleration units. Clumps for
which the HCO+ spectrum is asymmetric (ATG > 0.4) are shown as circled
plus signs. All of the clumps with aG> 1.6 pc Myr−2  0.12 g cm−2 (the
green-dotted line) show signs of dynamical activity. The grey-dotted lines
follow the loci of points for constant values of the virial parameter.
5 GRAVITATIONALLY DRIVEN ak AT ALL SCALES?
5.1 From GMCs to cores
To explore the kinematics of the clumps in the context of both
their environment (GMCs) and sub-structures (clumps and cores),
in Figure 6 we plot the ak vs. aG relation (top panel) and the de-
pendency of the virial parameter with the surface density (bottom
panel). We consider data from the literature for three different loci
of points (GMCs, massive clumps and massive cores at different
evolutionary stages), as follows:
1. The large, relatively low density GMCs traced with 13CO
occupy the left-hand side of the diagram. The points show the
GMC data of the cloud as a whole (size 10-100 pc) discussed in
H09. The clouds span a range of masses and surface densities of
2 . M . 2 × 106 M⊙ and 2 × 10−3 . Σ . 5 × 10−2 g cm−2 respec-
tively (H09).
2. The central region of the diagram is occupied by our massive
clumps and the sample of massive clumps analysed in Gibson et al.
(2009) (size 0.6-4.0 pc, mass 200 . M . 2.5 × 103 M⊙ and surface
density 8 × 10−3 . Σ . 6 g cm−2) selected to be dark at 8 µm and
observed with CS emission line, a tracer of dense gas in star form-
ing regions. This dataset, combined with the H09 data were used
in Ballesteros-Paredes et al. (2011) to discuss their global collapse
model.
3. The right-hand side includes core-scale regions from different
surveys, focusing on young prestellar and protostellar cores. The
brown points are dense cores (size 0.03-0.05 pc, mass 3 . M . 40
M⊙ and surface density 0.6 . Σ . 6.8 g cm−2) embedded in
the massive clumps NGC2264 C and D observed by Peretto et al.
(2006). The surface density of each core has been derived from the
size and mass in Table 2 of Peretto et al. (2006). We used the data
for the 11 resolved cores with a well defined core radius. These
clumps are located in the Mon OB-1 molecular cloud complex
at d ≃ 800 pc and here we refer to the results from the N2H+
(1 − 0) data obtained with IRAM 30m. The blue circles are pre-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 6. Top: ak vs.aG relation described in Equation 3. The red hourglass signs are our clumps. The grey crosses are the GMC values described in H09.
The light purple hourglasses are the massive clumps identified by Gibson et al. (2009). The brown-filled circles are the pre- and proto-stellar cores identified
in NGC2264 by Peretto et al. (2006). The cyan-crossed circles are the massive protostellar cores described in Palau et al. (2015). Finally, the blue circles are
massive cores observed by Pillai et al. (2011). The dotted lines show constant values of the virial parameter. Bottom: Virial parameter as a function of the
gravitational acceleration for the same objects as in the top panel. The green dotted line delimits the Σt > 0.12 g cm−2 region. The grey dotted lines show
constant values of αvir .
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Clump RA (J2000) Dec (J2000) R Σ σnth M αvir HCO+ spec. ATG(HCO+) ATG(HNC)
(hh : mm : ss) (dd : mm : ss) (pc) (g cm−2) (km/s)
15.631-0.377 18:20:29.1 –15:31:26 0.54 0.06 0.30 2.68 0.21 Sym 0.11±0.01 0.03±0.01
18.787-0.286 18:26:15.3 –12:41:33 0.69 0.27 1.07 9.82 0.48 Asym 1.74±0.23 0.91±0.08
19.281-0.387 18:27:33.9 –12:18:17 0.67 0.10 0.47 4.28 0.25 Asym 0.80±0.09 0.40±0.04
22.53-0.192 18:32:59.7 –09:20:03 0.80 0.16 1.25 11.45 0.92 Asym 1.70±0.12 1.21±0.10
22.756-0.284 18:33:49.1 –09:13:04 0.55 0.14 0.95 8.68 0.88 Asym 1.80±0.77 0.54±0.08
23.271-0.263 18:34:38.0 –08:40:45 0.72 0.13 0.94 8.65 0.75 Asym 0.93±0.10 0.63±0.01
24.013+0.488 18:33:18.5 –07:42:23 0.81 0.20 0.91 8.33 0.40 Asym 1.15±0.18 1.07±0.15
25.609+0.228 18:37:10.6 –06:23:32 0.97 0.22 1.05 9.64 0.40 Asym 0.69±0.14 0.36±0.04
25.982-0.056 18:38:54.5 –06:12:31 0.80 0.09 0.69 6.31 0.50 Sym 0.27±0.01 0.18±0.01
28.178-0.091 18:43:02.7 –04:14:52 0.85 0.19 1.07 9.79 0.54 Asym 0.92±0.25 0.04±0.01
28.537-0.277 18:44:22.0 –04:01:40 0.67 0.17 0.78 7.16 0.41 Asym 0.43±0.06 0.38±0.03
28.792+0.141 18:43:08.8 –03:36:16 0.61 0.08 0.99 9.06 1.55 Sym 0.02±0.01 0.00±0.00
30.357-0.837 18:49:40.6 –02:39:45 0.67 0.06 0.57 5.19 0.68 Sym 0.14±0.06 0.28±0.07
31.946+0.076 18:49:22.2 –00:50:32 0.82 0.14 1.19 10.87 0.94 Asym 2.66±0.27 0.43±0.03
32.006-0.51 18:51:34.1 –01:03:24 0.70 0.06 0.31 2.85 0.18 Sym 0.20±0.02 0.04±0.01
34.131+0.075 18:53:21.5 +01:06:14 0.55 0.11 0.74 6.74 0.72 Asym 0.51±0.16 0.21±0.04
Table 1. Clump properties. Col. 1: name of the clumps as defined PI; Cols. 2-3: Coordinates of the sources, defined as the peak identified in the dust 250
µm continuum maps; Col. 4: radius of the clumps as defined by the dust continuum emission; Col.5: mass surface density derived from the FIR/sub-mm dust
continuum emission; Col. 6: non-thermal component of the 1D velocity dispersion. Col.7: Mach number; Col. 8: virial parameter. Col. 9: keyword to identify
if the clump HCO+ spectrum shows a symmetric or asymmetric profile based on the definition of the asymmetry parameter ATG as discussed in the text. Col.
10 and 11: Measured ATG for both HCO+ and HNC spectra respectively.
protoclusters (size 0.04-0.4 pc, mass 20 . M . 1.2 × 103 M⊙ and
surface density 5 × 10−2 . Σ . 5 g cm−2) observed with NH2D
in G29.960.02 and G35.201.74 (W48) by Pillai et al. (2011) using
the Plateau de Bure Interferometer. Finally, the cyan crossed circles
are a sample of 13 evolved cores (size 0.1 pc, mass 9 . M . 69
M⊙ and surface density 0.2 . Σ . 1.8 g cm−2) observed in NH3
(1 − 1) with the Very Large Array (VLA) by Palau et al. (2015).
We estimated the mass surface density assuming the core masses in
Table 1 of Palau et al. (2015) and assuming a fixed core radius as
described in Palau et al. (2015).
From the top panel of Fig. 6 it is evident that, globally, ak
consistently increases with increasing aG. One consequence of this
result is that the first Larson’s relation, σ ∝ R0.5, is inconsistent
from GMC to core scales. In Figure 7 we show the σ against R
relations for these surveys, overlaid with the Heyer & Brunt (2004)
relation σ ∝ R0.56. The surveys together do not follow a σ ∝ R0.5
relation, and in particular, massive clumps and cores have similar
non-thermal motions at all scales in the range 0.01 . R . 2 pc.
Also, there is no clear global trend of the virial parameters from
clouds to cores. To emphasize this, in the bottom panel of Figure 6
we show GMCs, clumps and cores in the αvir vs. Σ plane. The green
dotted vertical line indicates the Σt = 0.12 g cm−2 surface density
threshold. Clouds and cloud fragments span a wide range of αvir at
all scales and there is no evident distinction in the αvir vs. Σ plane
below and above Σt.
If we focus on GMCs alone, there is a large dispersion in the
ak vs. aG plane, and the ak and aG relation is less obvious. In-
deed, GMCs have a reasonably good Pearson’s correlation coef-
ficient (0.47) in the σ vs. R diagram in Figure 7. The average virial
parameter for the GMCs sample is αGMC = 1.9 (H09) with many
clouds having αGMC > 2 (see also Figure 6, bottom panel). This
value is higher than the average value of αvir found in our clumps
and in massive young cores as discussed in the next paragraphs.
With the classical virial analysis, this would mean that the majority
of the clouds are unbound on large scales. A possible explanation
could be that the masses of GMCs are underestimated by a factor
Figure 7. Velocity dispersion against radius relation. Symbols are the
same of Figure 6. Grey-dotted line is the Larson’s relation as found by
Heyer & Brunt (2004):σ ∝ R0.56 . The cores in the survey of Palau et al.
(2015) have radius fixed to R=0.05 pc.
of 2-3 due to the LTE approximation and the assumption of con-
stant CO abundance (H09). Otherwise, this could instead be due to
a high level of turbulence in the clouds which could lead to their
dispersal in the absence of a confining pressure due to HI envelope.
Alternatively, in the description of the virial parameter as a
ratio of accelerations, the high values of αvir for GMCs implies that
most of the non-thermal motions cannot be solely accounted for by
the gravitationally driven acceleration. One possible explanation is
that the external pressure acts as an additional confining force that
contributes to the observed ak (e.g. Field et al. 2011). In Section 5.2
we discuss the implications of accounting for an external pressure.
At clump scales, both surveys plotted in Figure 6 (top panel)
show an increase of ak with aG. Since the parameters in each survey
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have been estimated using different approaches, we fitted the sam-
ples of each survey separately. To do this we used the linfitex
IDL routine accounting for errors in both the estimation of ak and
aG. We consider an error of 30% in the estimation of the mass sur-
face density (i.e. aG) and an error of 20% in the velocity dispersion
and radius (i.e. ak) estimations. The results of the best linear fit to
each survey in the log-log space are shown as straight lines in Fig-
ure 6, top panel. The slopes are Aclumps = 0.78 ± 0.39 and AGib. =
0.65 ± 0.11 for our clumps and the Gibson et al. (2009) clumps re-
spectively. Noticeably, these values are only slightly higher but still
compatible with a slope of 0.5, which would correspond to the ex-
pected slope in case of constant value of the virial parameter going
towards regions of higher surface density, i.e. a linear increase of
ak at increasing aG.
At core scales, the samples of Pillai et al. (2011) and
Peretto et al. (2006), tracing massive prestellar and protostellar
cores lie mostly below αvir=1, which is similar to what we find
for our clumps (Figure 6). The fits to these samples are also shown
on the top panel of that Figure, with slopes of APil. = 0.72 ± 0.09
and APer. = 0.41 ± 0.11 respectively, broadly consistent with an in-
creasing gravo-turbulent acceleration towards regions of higher sur-
face densities. The sample of more evolved cores from Palau et al.
(2015) lies close to or above αvir = 2. Although this means that
most of the non-thermal motions cannot be accounted for by grav-
ity alone, we still observe an increase of ak with aGwith a slope of
APal. = 0.71 ± 0.17, similar to what is observed in the samples of
younger cores. The increased linewidth in these more evolved cores
could perhaps be due to the local injection of turbulence from out-
flows (Sa´nchez-Monge et al. 2013; Palau et al. 2015).
A caveat of this analysis comes from the fact that each survey
has its own systematics and methodology, making a direct compar-
ison between surveys difficult. For instance, different tracers may
look at distinct regions along the line of sight and the estimated
value of the linewidth (and therefore αvir) for clouds or cloud frag-
ments in each survey may be significantly affected by the chosen
tracer (e.g. Palau et al. 2015).
Furthermore, in the analysis above, we have only considered
the contribution of the gravitational acceleration to the total mo-
tions of a given region. Other forces can contribute to the non-
thermal motions we observe, such as external pressure or magnetic
fields. We explore the effect of these forces in Sections 5.2 and 5.3
respectively.
5.2 External pressure
In galaxy-scale simulations and observations of nearby galaxies,
GMCs have been found to have high values of αvir which would
suggest clouds are not gravitationally bound at tens of parsec scales
(Dobbs et al. 2011; Duarte-Cabral & Dobbs 2016). It has been sug-
gested that these clouds could be under the effect of the exter-
nal ram pressure from galactic motions and the thermal pressure
of the surrounding hot ISM (e.g. Duarte-Cabral et al. 2017, in
prep.), an idea consistent with the observations of nearby galaxies
(Hughes et al. 2013).
If clouds are under an external pressure, Equation 3 must be
modified to account for the pressure contribution to the observed
non-thermal motion. In the standard virial analysis the pressure
term can be added to Equation 3 as (Field et al. 2011):
σ2
R
= αvir
piGΣ
5
+
4Pext
3Σ
. (4)
In the acceleration formulation Equation 4 becomes:
ak = αvir aG +
4piG
15
Pext
aG
≡ α̂vir(aG) aG (5)
with
α̂vir(aG) = αvir
1 + 4piG15αvir
Pext
a2G
. (6)
Equation 5 implies that ak will not be proportional to only the
gravitational acceleration where the external pressure dominates
and when the gravitational acceleration is sufficiently low. Equation
6 shows that the virial parameter α̂vir of a pressure confined cloud
(or cloud fragment) is greater than αvir . For large values of aG the
terms∝ Pext/a2G in Equation 5 goes rapidly to zero and α̂vir −→ αvir .
The theoretical value of the external pressure generated by the
neutral ISM and required to confine a molecular cloud is of the
order of Pext/k ≃ 104 K cm−3 (Elmegreen 1989). Observations of
individual regions show a range of values, from Pext/k = 5 × 104
K cm−3 (Bertoldi & McKee 1992) to Pext/k = 5 × 105 K cm−3 in
nearby starless cores (Belloche et al. 2011).
In Figure 8 we show the same data points of Figure 6, this
time including the loci of points occupied by the solution of Equa-
tion 5 for two different values of external pressure, Pext/k = 104
and Pext/k = 105 K cm−3, (the solid and the dot-dashed line respec-
tively) and for various values of αvir . The figure shows that with a
contribution of an external pressure of e.g. Pext/k = 104 K cm−3 at
aG . 0.65 pc Myr−2, ak is mostly driven by the external pressure.
For a cloud with Σ = 0.01 g cm−2 ≡ aG = 0.13 pc Myr−2 and, in
absence of external pressure, αvir=0.5 the corresponding accelera-
tion will be ak≃ 0.066 pc Myr−2. If we include a contribution of an
external pressure of Pext/k = 105 K cm−3 we will measure ak≃ 0.67
pc Myr−2 and α̂vir ≃ 4.9. The high values of the virial parameter ob-
served in GMCs can be therefore explained by motions induced by
an external pressure. At aG > 0.65 pc Myr−2 gravity starts to dom-
inate and the kinetic acceleration increases again with increasing
gravitational acceleration at all scales, from GMCs down to cores,
consistent with the threshold discussed in McKee et al. (2010) and
Tan et al. (2014).
We conclude that with typical values of external pressure in
the ISM, most of the observed ak in GMCs can be driven by ex-
ternal pressure, with a negligible contribution of the gravitational
acceleration. However, at some point, the gas surface densities will
increase to high enough values such that gravity can take over at
driving the majority of the non-thermal motions, effectively acting
as a gravo-turbulent acceleration.
5.3 Magnetic fields
Magnetic fields can also act as a large scale support against gravity
(Bertoldi & McKee 1992; Tan et al. 2013).
In the classical virial analysis, for the magnetic fields to act as
support against gravitational collapse of a hydrostatic isothermal
sphere, we obtain (Kauffmann et al. 2013):
Beq = 81µG
MΦ
MBE
σN2H+kms−1

2 Rpc

−1
(7)
where MΦ is the magnetic flux mass for a field of mean strength
〈Beq〉 (Tomisaka et al. 1988), MBE the Bonnor-Ebert mass and
MΦ/MBE ≃ 2/αvir − 1 (Kauffmann et al. 2013).
Observationally, Crutcher (2012) suggested, however, that
there is an upper limit of the intensity of the magnetic field Bup
in a given region which depends on the gas number density, as
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Figure 8. Same of Figure 6, including the solutions of Equation 5 for two different values of the external pressure and for fixed values of αvir .
Bup ≃ 150 µG (nH2/104 cm−3)0.65. If we assume a spherical geome-
try and a density equal to the mean density, Bup can be rewritten as
(Kauffmann et al. 2013):
Bup ≃ 336 µG
 M10M⊙

0.65 R0.1 pc

−1.95
(8)
We can then compare the strength of the magnetic fields required to
reach the virial equilibrium (that is, B = Beq) with the critical value
Bup. In Table 2 we report Beq, Bup and the ratio between the two
for our sample, where we separate the clumps above and below the
surface density threshold for clarity.
In Figure 9 we show the ratio Beq/Bup as a function of Σ. There
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Figure 9. Ratio Beq/Bup as function of the gravitational acceleration (i.e.
surface density) of each clump. The correlation is significant with a Pear-
son’s coefficient of 0.69. All but four clumps have Beq/Bup > 1 (the dotted
horizontal line), i.e. they need an intensity of the magnetic field higher then
the maximum allowed as predicted by Crutcher (2012). The green-dashed
vertical line marks the value Σt = 0.12 g cm−2.
is a good correlation between Beq/Bup and Σ (Pearson’s coefficient
ρ=0.69, which implies a probability of a non-correlation of only
0.003). This implies that for larger Σ, the magnetic fields needed
to prevent collapse is increasingly greater than the maximum val-
ues predicted by Crutcher (2012), and therefore they cannot halt
collapse.
In the framework of accelerations, we can instead look at how
the magnetic fields could generate a negative acceleration that op-
poses gravity, preventing the collapse. If we take Bup from Equa-
tion 8 as an upper limit for the strength of the magnetic fields in
our clumps, we can estimate the maximum magnetic pressure as
PBup = B
2
up/(8pi) and therefore derive the maximum magnetic ac-
celeration, aBup , as
aBup =
FBup
M
=
PBuppiR
2
M
→ aBup =
B2up
8piΣ
(9)
In Figure 10 we compare aBup with the acceleration imposed
by the gravitational potential of the clumps, aG. The figure shows
that, above a surface density of Σ ≃ 0.18 g cm−2, the maximum
acceleration generated by the magnetic fields is not sufficient to
overcome aG and therefore the collapse will proceed. Nevertheless,
we observe signs of dynamical activity in clumps with Σ < 0.18 g
cm−2, even though they have aG/aBup < 1.
This could be due to the fact that aBup is a strict upper limit
to the magnetic acceleration. In fact, not only it assumes the maxi-
mum value of the magnetic fields from Crutcher (2012), but it also
considers the geometry of the magnetic fields such that all the gas
would feel the same resistance due to the magnetic force. For in-
stance, in a case of a uniform magnetic field threading the clump,
only the gas trying to collapse perpendicular to the field lines would
feel this maximum tension.
6 CONCLUSIONS
We have used new IRAM 30m observations of a sample of 16
70 µm quiet clumps identified in IRDCs in the Hi-GAL survey to
explore the kinematics of these regions. The clumps have been se-
lected to be “quiescent”, i.e. dark or very faint at 70 µm and with
Figure 10. Same of Figure 9, but for the ratio of the gravitational acceler-
ation aG and the maximum acceleration produced by magnetic fields aB.
The black-dotted horizontal line is in correspondence of aG/aup = 1 The
green-dashed vertical line marks the value Σt = 0.12 g cm−2.
Clump Type Beq Bup
Beq
Bup
(µG) (µG)
18.787-0.286 Asym 337 211 1.6
19.281-0.387 Asym 186 129 1.4
22.53-0.192 Asym 197 161 1.2
22.756-0.284 Asym 150 175 0.9
23.271-0.263 Asym 189 151 1.2
24.013+0.488 Asym 342 177 1.9
25.609+0.228 Asym 260 141 1.8
28.178-0.091 Asym 376 188 2.0
28.537-0.277 Asym 324 195 1.7
31.946+0.076 Asym 158 140 1.1
34.131+0.075 Asym 124 141 0.9
15.631-0.377 Sym 108 100 1.1
25.982-0.056 Sym 145 108 1.3
28.792+0.141 Sym 40 117 0.3
30.357-0.837 Sym 104 93 1.1
32.006-0.51 Sym 120 92 1.3
Table 2.Magnetic fields estimates for clumps above and below the surface
density threshold Σ = 0.12 g cm−2. Col. 1: name of the clumps; Col. 2:
keyword to identify clumps which show symmetric (Sym) or asymmetric
(Asym) HCO+ spectra. Col. 3: Intensity of the magnetic field required to
reach BE equilibrium, Beq. Col. 4: Maximum intensity of the magnetic field
as estimated following Crutcher (2012), Bup. Ratio between Beq and Bup.
a L/M< 0.3 (PI). With these data we show that there is a correla-
tion between the asymmetry of the HCO+ line profile, tracing the
dynamics of the regions, and the clump surface density, with the
highest surface density clumps having the most asymmetric lines,
and so being the most dynamically active.
Looking at the relationship between column density, size and
velocity dispersion we demonstrate that the Heyer relation can be
re-interpreted as a direct consequence of a gravo-turbulent descrip-
tion of the non-thermal motions in collapsing clouds and cloud
fragments. In this formalism the virial parameter is described as
ratio between the gravitational acceleration aG and the observed
acceleration ak, the former defined as function of the mass surface
density and the latter as function of the velocity dispersion and the
radius of the cloud or cloud fragment.
We have used our sample of 16 massive 70 µm quiet clumps
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to explore this formalism, together with other surveys of GMCs,
clumps and pre- and proto-stellar cores from the literature.
We can summarise our findings as follows:
1. The non-thermal motions observed in clouds and cloud frag-
ments originate from both self-gravity and turbulence that can act
against gravity itself. The two components cannot be observation-
ally separated. However, the data show that, from the scales of
clumps (and possibly GMCs) down to the cores, the global mea-
sured acceleration, ak, increases with the gravitational acceleration,
aG. This suggests that, on average, the self-gravity can drive much
of the observed non-thermal motions at all spatial scales.
2. For our sample of massive 70 µm quiet clumps, we find asym-
metric line profiles tracing dynamical activity, which we interpret
as due to gravitational collapse, regardless of the estimated value of
αvir in the single regions, suggesting that the virial parameter is not
a good descriptor of the stability of a region. In our formulation,
in the absence of magnetic fields and external pressure, αvir can in-
stead be seen as a measure of how much the non-thermal motions
can be generated by gravity. Indeed, as long as αvir< 2 (ak< 2aG),
gravity can dominate the non-thermal motions. This is the case for
all our clumps, which would be consistent with them all being dy-
namically active and undergoing collapse.
3. From our data we identify a surface density value, Σt ≃
0.12 g cm−2, above which all our clumps have highly asymmetric
HNC and HCO+ spectra, which we interpret as tracing collapse. We
interpret this as the threshold above which gravity is strong enough
to dominate the non-thermal motions at clump scales. In a scenario
in which massive protostars accrete dynamically from their parent
clump, Σt could therefore represent the minimum surface density at
clump scales for high-mass star formation to occur.
4. An external pressure Pext which confines the GMCs such that
Pext/k ≃ 104 − 105 K cm−3 explains the high values of the mea-
sured non-thermal motions observed in these clouds, and does not
exclude that the majority of them are globally collapsing. The con-
tribution of the external pressure can be incorporated in the formal-
ism of the gravo-turbulent mechanism, modifying the definition of
αvir .
5. Magnetic fields, if present, can be a support against the col-
lapse. From the classical view, we show that magnetic fields
stronger than the maximum intensity of the magnetic field sug-
gested by Crutcher (2012) would be required to support the ma-
jority of the clumps. A similar conclusion can be drawn by com-
paring the gravitational acceleration to the maximum acceleration
produced by the magnetic fields.
The gravo-turbulent formulation and the ak vs. aG relation, if
confirmed at all scales, may help our understanding of the mas-
sive star formation mechanism. If the global collapse mechanism
with the gravity driving much of the non-thermal motions is cor-
rect, and the strength of the magnetic fields is not sufficient, we
may for example expect to observe pure thermal Jeans fragmenta-
tion in most of the clumps. This hypothesis can be explored using
high-resolution instruments such as NOEMA or ALMA.
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